Ubiquitination plays a major role in many aspects of hematopoiesis. Alterations in ubiquitination have been implicated in hematological cancer. The ubiquitin ligase Triad1 controls the proliferation of myeloid cells. Here, we show that two RING (really interesting new gene) domains in Triad1 differentially bind ubiquitin-conjugating enzymes, UbcH7 and Ubc13. UbcH7 and Ubc13 are known to catalyze the formation of different polyubiquitin chains. These chains mark proteins for proteasomal degradation or serve crucial non-proteolytic functions, respectively. In line with the dual Ubc interactions, we observed that Triad1 catalyzes the formation of both types of ubiquitin chains. The biological relevance of this finding was studied by testing Triad1 mutants in myeloid clonogenic assays. Full-length Triad1 and three mutants lacking conserved domains inhibited myeloid colony formation by over 50%. Strikingly, deletion of either RING finger completely abrogated the inhibitory effect of Triad1 in clonogenic growth. We conclude that Triad1 exhibits dual ubiquitin ligase activity and that both of its RING domains are crucial to inhibit myeloid cell proliferation. The differential interaction of the RINGs with Ubcs strongly suggests that the ubiquitination mediated through UbcH7 as well as Ubc13 plays a major role in myelopoiesis.
Introduction
Ubiquitination plays a major role in many aspects of cell biology, including cell division, signaling, movement and apoptosis. 1 The conjugation of one or more ubiquitin peptides to a specific substrate protein can regulate the substrate's activity or may result in its recognition and degradation by the 26S proteasome. In normal hematopoiesis, the ubiquitin proteasome route regulates the fate of many proteins, including, for example, growth factor receptor c-kit, cyclin D, Bcl-2 (B-cell CLL/lymphoma 2) and transcription factors, such as GATA-2, acute myeloid leukemia-1 and Gfi1 (growth factor independence 1). 2 Deregulation of the ubiquitin proteasome route is also implicated in malignant hematopoiesis. 2 For example, the von Hippel-Lindau (VHL) protein is responsible for poly-ubiquitination and subsequent degradation of the Hif1a (hypoxia-inducible factor 1, a subunit) protein. Mutations in VHL that are found in polycythemia patients result in defective ubiquitination that causes stabilization of Hif1a. As a result, expression of hypoxia-induced genes, including erythropoietin, increases. High erythropoietin levels are believed to contribute to the high red blood cell counts that are found in congenital polycythemia. 3 In Fanconi anemia, mono-ubiquitination of the Fanconi anemia D2 protein is inhibited, resulting in a defect in the DNA repair mechanism. This results in genetic instability that predisposes Fanconi anemia patients to develop malignancies such as acute myelogenous leukemia. 4 Overexpression of MDM2, as found in many leukemia patients, results in increased poly-ubiquitination and degradation of the tumor suppressor protein, p53. 5 Recently, acquired mutations in Cbl (Casitas B-cell lymphoma) proteins were identified in acute myelogenous leukemia. Cbl is involved in the ubiquitination and subsequent internalization and degradation of the activated Flt3 (fms-related tyrosine kinase 3) receptor. As a result of mutations in Cbl, the Flt3 receptor is no longer ubiquitinated and thereby no longer inactivated, resulting in a constitutive active receptor. 6, 7 Although it is clear that ubiquitination plays a crucial role in regulating the activity of many important proteins that control hematopoiesis, little is known about the enzymes that facilitate ubiquitination. The covalent coupling of ubiquitin to a substrate protein requires subsequent action of three enzymes. First, the E1 enzyme activates ubiquitin, which is then transferred to an E2 ubiquitin-conjugating enzyme (Ubc). In concert with Ubcs, ubiquitin E3 ligases catalyze the final step by facilitating the covalent attachment of ubiquitin to a substrate protein or the attachment of a ubiquitin to the preceding ubiquitin to form poly-ubiquitin chains. The E3 ligases are responsible for the specificity of the ubiquitination process as they recognize the substrates. 8 We have described earlier Triad1 as a ubiquitin ligase that regulates myelopoiesis through its ubiquitin ligase activity. 9 Expression of Triad1 is induced during myeloid differentiation and forced expression results in the inhibition of proliferation of immature murine bone marrow cells. Triad1 is the founding member of a subclass of ubiquitin ligases that contain two RING (really interesting new gene) finger domains. The RING finger containing E3 ligases represent the largest family of the group of proteins that have ubiquitin ligase activity. This family can be subdivided in E3 ligases that function as multi-subunit complexes, like the APC/C (anaphase-promoting complex/cyclosome), SCF (Skp1-Cul1-F-box-protein) or the CBC (cullin-2/elongin BC) subfamilies, or as single protein ubiquitin ligases. 1, 10 The TRIAD (Two RING fingers and DRIL) protein family is characterized by a highly conserved TRIAD domain encompassing a conserved DRIL (double RING finger linked a.k.a. in between RINGs (IBR)) domain flanked by two RING fingers.
Importantly, the combination of the Ubc and the ubiquitin E3 ligase determines the type of ubiquitin chain that is synthesized.
11, 12 These different types of ubiquitination regulate the fate of the ubiquitinated proteins. For example, proteins marked with poly-ubiquitin chains linked through lysine 48 (K48) of ubiquitin are, in general, recognized by the 26S proteasome providing the cell with a specific and efficient way to eliminate these proteins. The addition of ubiquitin chains linked through lysine 63 (K63) of the preceding ubiquitin, primarily results in an altered function and in general does not trigger proteasomal degradation of the modified protein.
13 K63-linked poly-ubiquitin chains may affect the subcellular localization of proteins, but can also function as scaffold to bind other proteins. K63 linked poly-ubiquitin chains are implicated in many important biological processes, including DNA repair 14 and NFkB (nuclear factor Kappa B) activation. 15 To date, it is generally believed that poly-ubiquitin chains are linked through a single iso-peptide bond (for example, in which ubiquitin moieties in the poly-ubiquitin chain are linked only through lysine 48). Interestingly, in vitro studies have shown the formation of mixed and/or forked ubiquitin chains in which multiple different lysine residues are used for the formation of poly-ubiquitin chains. 16, 17 Although a single report has described the presence of these kinds of forked poly-ubiquitin chains in vivo, 18 the physiological relevance of these chains remains to be determined.
We have shown earlier that the N-terminal RING domain in Triad1 interacts with UbcH7, an E2 ubiquitin-conjugating enzyme implicated in lysine 48-linked ubiquitin chain formation. This interaction suggests that Triad1 may target substrate proteins for proteasomal degradation. In line with this, we found that inhibition of the proteasome partially rescued the Triad1-induced growth repressive phenotype. 9 Recently, we showed that Triad1 interacts with Gfi1, a transcription factor essential to many developmental processes in hematopoiesis. Surprisingly, the ubiquitination and proteasomal degradation of Gfi1 was specifically inhibited by Triad1. 19 Thus, Triad1 does not seem to target Gfi1 for proteasomal degradation. To gain insight into the biological role of the different motifs present in Triad1 and their contribution to its E3 ligase activity, we tested their relevance in hematopoiesis. We show differential binding of the RING domains to different ubiquitin-conjugating enzymes and show that these interacting domains are essential for the biological function of Triad1 in hematopoiesis.
Materials and methods

Cell culture
U937, HEK293, COS-1 and NIH3T3 cells were cultured as described. 9, 20 For monocytic differentiation, U937 cells were differentiated with 100 ng/ml PMA (Phorbol 12-myristate 13-acetate, Sigma, St Louis, MO, USA) or ATRA (all-trans retinoic acid).
21 U937 cells were transduced as described 20 with retroviruses containing full-length Triad1 9 and the different mutants in the pLZRS-IRES-DNGFR vector. Transduced U937 cells were isolated by magnetic cell sorting (MACS) on the basis of DNGFR (truncated nerve growth factor receptor) positivity. 20 Flowcytometric analysis of DNGFR expression of the MACSsorted cells showed a purity of more than 95% in all experiments.
Western blotting and immunofluorescence microscopy
Whole cell lysates were made in radio-immunoprecipitation assay buffer as described, 20 and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Blots were probed with rabbit antibodies to Triad1, 9 Flag (M2, Sigma), GFP (Roche, Basel, Switzerland), Poly-ubiquitin (FK1, Affinity, Golden, CO, USA), ubiquitin (6C1, Sigma) or actin (I-19, Sigma). Cytospins of U937 cells were fixed, permeabilized and stained with antiTriad1 antibody followed by donkey anti-rabbit PE (Jackson, Suffolk, UK), washed three times with phosphate buffered saline and embedded in Vectashield with DAPI (4',6-diamidino-2-phenylindole, Vector Lab, Burlingame, CA, USA). NIH3T3 cells were grown on coverslips and transfected using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Cells were stained using a-Flag (M2, Sigma) or a-UbcH7 (Transduction Laboratories, Lexington, KY, USA) followed by donkey-a-mouse TexasRed (Jackson) staining. Pictures were obtained using a Leica DMRBE microscope and Leica FW4000 software (Leica Microsystems, Rijswijk, The Netherlands).
Generation of Triad1 expression vectors
A full-length Triad1 construct as described 9 was used to generate Triad1 mutants DRING1, DDRIL, DRING2 and DTRIAD ( Figure 1a ) using sexual PCR as described 22 using Pfu and Taq polymerase (Invitrogen). The DCC2 and DCC1 þ 2 mutants were made by introducing a stop codon using PCR primers. The sequences of used primers can be found in Supplementary Table 1. All fragments were verified by sequence analysis. Triad1 full length and deletion mutants were cloned into the pLZRS-IRES-DNGFR retroviral expression vector 20 and in pGAD-C1 for yeast-two-hybrid assays. Full-length Triad was cloned in frame with the His-tag in pFastBacT A to generate a bacmid for baculoviral transduction of insect cells.
Yeast-two-hybrid assays
UbcH7 and Ubc13 bait 23 and Triad1 prey deletion constructs were transfected to the yeast strain AH109 (Clontech, Palo Alto, CA, USA) for yeast-two-hybrid assays. This strain contains the selectable marker histidine, adenine and a lacZ reporter. A positive interaction in yeast was defined by growth of blue colonies after plating cells on leucine, tryptophane, histidine and adenine deficient SD medium containing X-a-gal.
Protein expression and purification
For in vitro ubiquitination assays with reticulocyte fraction IIA, His-tagged Triad1 was produced using the baculovirus system (Baculovirus Bac-to-Bac Expression System, Invitrogen) in Hi-5 cells. 9 Three days after infection cells were harvested and lysed in radio-immunoprecipitation assay buffer with complete protease inhibitor cocktail (Roche). After centrifugation, His-Triad1 was isolated from Hi-5 cells using His-select spin columns followed by elution with 250 mM imidazole. Imidazole was removed from His-Triad1 protein eluates using a Microcon YM-10 filter (Amicon, Beverly, MA, USA) and protein concentrations were determined with the Bradford assay. For surface plasmon resonance (SPR) studies, analytical gel filtration and in vitro assays with purified proteins, His-tagged Triad1 was expressed from pFastBac, using the baculovirus expression system in Sf9 cells. Cells were harvested 3 days after infection and lysed by sonification. The cleared lysate was incubated with Talon beads and Triad1 was eluted from the beads in buffer A (50 mM Tris-HCl pH 8, 200 mM NaCl, 2 mM ZnCl 2 ) þ 250 mM imidazole. Further purification was achieved by anion exchange chromatography on a Resource Q column using buffer A, eluting with a linear NaCl gradient to 0.5 M NaCl. Proteins were eluted at 350 mM, followed by size exclusion chromatography (Superdex 200) in 20 mM Hepes pH 7.5, 150 mM NaCl, 2 mM ZnCl 2 , 15 mM b-mercaptoethanol (b-ME).
The Ubc13-Mms2 complex was produced in Escherichia coli BL21 (DE3) cells by co-expression of GST (glutathione S-transferase)-tagged Mms2 and His-tagged Ubc13 from the pGEX4T-1 vector with both genes on a single promoter. Cells were induced with 0.4 mM IPTG (isopropyl-1-thio-b-D-galactopyranoside) at an OD 600 of 0.8 in Luria-Bertani medium supplemented by 50 mg/ml carbenicillin and further cultivated at 15 1C. Cells were harvested after 15-20 h and lysed by sonification. The cleared lysate was incubated with Talon beads and washed with 20 column volumes of buffer C (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM b-ME, 5 mM imidazole). The complex was eluted in buffer C þ 500 mM imidazole. Subsequently, the complex was incubated with glutathione beads and washed with buffer C þ 3 mM CaCl 2 . The GST-tag was cleaved overnight on beads by Thrombin protease. UbcH7 was expressed in E.coli Rosetta2 (DE3) cells from a pGEX2 vector. Cells were induced by autoinduction and cultivated overnight at 15 1C. The cells were lysed by a high-pressure EmulsiFlex-C5 device (Avestin, Mannheim, Germany) and cleared lysates were incubated with glutathione sepharose beads. GST-tagged UbcH7 was eluted in 20 mM Tris-HCl pH 8.0, 250 mM NaCl, 15 mM b-ME and 50 mM glutathione. The GST-tag was digested with thrombin for 2 h at 37 1C and the reaction was terminated by the addition of 1 mM phenylmethanesulfonyl fluoride. Further purification of UbcH7 was achieved through gel filtration (Superdex 200) using 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM ZnCl 2 , 15mM b-ME. Final purification was achieved through gel filtration (Superdex 75) using buffer C without imidazole.
Co-immunoprecipitation
For immunoprecipitations, transfected HEK293 cells were lysed in TNI (Tris-NaCl-Igepal) buffer containing 0.1% Nonidet P-40, 50 mM Tris-HCl pH 8,0, 150 mM NaCl and complete
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Full length protease inhibitor cocktail and incubated with indicated antibodies for 15 h at 4 1C. Protein G sepharose beads (GE Healthcare, Zeist, The Netherlands) were washed three times in TNI buffer, added to the lysate and incubated for 2 h at 4 1C. Bound proteins were washed, eluted in loading buffer by heating for 5 min at 95 1C, separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, immunoblotted and stained with relevant antibodies.
Analytical gel filtration
Triad1-E2 interaction studies by analytical gel filtration were performed on a Superdex 75 column on the SMART system (GE Healthcare) in a buffer containing 20 mM Hepes pH 7.5, 150 nM NaCl, 2 mM ZnCl 2 and 5 mM b-ME. A total of 50 ml of a mixture of Triad1 and Ubc13-Mms2 at 40 mM each was incubated for 10 min at 4 1C before loading on the column. Eluted fractions were run onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by Coomassie blue staining.
Surface plasmon resonance
Triad1-E2 interactions were analyzed quantitatively using SPR experiments. The SPR experiments were performed at 10 1C on a Biacore T-100 instrument (GE Healthcare, WI, USA). The experiments were performed in duplicate and Triad1 was immobilized at densities of 6000 RU and 1000 RU through amine coupling on a CM5 chip. The Ubc13-Mms2 complex was injected over the sensor chip at 30 ml/min with a 120 s association phase followed by a 10min dissociation phase. Standard double referencing data subtraction methods were used before data analysis. Curve fitting and other data analyses were performed using Biaevaluation (GE Healthcare) and GraphPad software (GraphPad Software Inc., San Diego, CA, USA).
In vitro ubiquitination assays
For the in vitro assays using purified E1, E2 and E3, 30 ml reactions were performed in a buffer containing 25 mM Tris pH 8, 150 mM NaCl, 10 mM MgCl 2 , 2 mM ZnCl 2 , 5 mM b-ME, 0.5 mM DTT and 3 mM ATP at 30 1C. Wild-type ubiquitin (3 mM) was used together with 15 nM Uba1, 150 nM Ubc13-Mms2 and 15 nM-1.5 mM Triad1. The samples were run on 4-12% NuPage gels in MOPS buffer (Invitrogen) and were analyzed by western blotting with an a-ubiquitin antibody (P4D1, Santa Cruz Biotechnology, Santa Cruz CA, USA).
In vitro ubiquitination assays in lysates were performed as described earlier 9,24 using 1.6mg reticulocyte fraction IIA (Boston Biochem, Cambridge, MA, USA) as a source of E1 and E2 activity. Although this fraction may not contain high levels of UbcH7 and Ubc13, it contains sufficient E2 activity to support the formation of K48 and K63 linked poly-ubiquitin chains. 24 To test chain formation, recombinant wild-type Ub, K0-Ub, K48-Ub or K63-Ub (Boston Biochem) was incubated together with reticulocyte fraction IIA and freshly prepared His-Triad1 for 60 min at 37 1C followed by staining of ubiquitinated proteins in western blot analysis using a poly-ubiquitin specific antibody (FK1).
Colony-forming assays, differentiation and cell cycle characteristics
Clonogenic growth of transduced and MACS-sorted U937 cells was measured by plating 1000 cells/ml in semi-solid (0.75% agar) culture medium. Colonies were counted after 6 days. Differentiation of U937 cells was assessed measuring CD11c expression (Immunotech, Marseille, France). Apoptosis and DNA histograms were determined using AnnexinV (Molecular Probes, Eugene, OR, USA) and propidium iodide staining, respectively, 9 and the percentage of DNGFR positive cells was monitored measured using the a-DNGFR antibody and goat-amouse PE by flowcytometry.
Results
Triad1 inhibits the clonogenic growth of U937 cells
Triad1 is induced on differentiation towards monocytes and granulocytes and inhibits the clonogenic growth of primary murine bone marrow cells. 9 We tested whether Triad1 was also induced during PMA-induced monocytic differentiation of the myelo-monocytic cell line U937. U937 differentiation was confirmed by CD11c expression using FACS analysis. Triad1 became detectable after 24 h of PMA-induced monocytic differentiation and protein levels increased up to 72 h of differentiation (Figure 2a ). In addition, ATRA-induced differentiation of U937 cells resulted in an increase of Triad1 protein levels (data not shown). The increase in protein expression during PMA-induced differentiation was confirmed by immunofluorescence microscopy. After 24 and 72 h of differentiation, Triad1 protein levels were increased and Triad1 protein was found to localize predominantly in the nucleus (Figure 2b) .
As Triad1 inhibits the proliferation of immature murine bone marrow cells, 9 we next tested whether Triad1 can inhibit U937 cell growth. Triad1 coding sequences were cloned in front of an IRES-DNGFR cassette, which allowed us to MACS select transduced cells using an a-NGFR antibody. Two independent batches of Triad1-expressing retroviruses were used (A and B), whereas empty vector (EV) and GFP-expressing viruses were used as control. U937 cells were retrovirally transduced and MACS sorted 24 h post-transduction resulting in more than 95% NGFR positive cells. Stable expression of Triad1 in these cells after 2 weeks of culture was confirmed by western blotting (Figure 3a) . Triad1 expression levels in transduced cells were comparable to endogenous protein levels observed after 24 to 72 h of PMA-induced differentiation, indicating that the experiments were performed with physiologically relevant protein levels (Figure 3b ). The effect of Triad1 on the clonogenic growth potential of U937 cells was studied by seeding U937 cells in semi-solid medium directly after MACS sorting. The expression of Triad1 in U937 cells resulted in a 50% decrease in colony numbers compared with the EV and GFP-transduced control cells (Figure 3c) . Moreover, the colonies derived from the Triad1 transduced cells were significantly smaller compared with control transduced cells (Figure 3d ).
Triad1 inhibits proliferation of U937 cells, without affecting their differentiation and apoptosis
The inhibitory effect of Triad1 expression on colony formation may be due to a decrease in proliferation or due to changes in differentiation and apoptosis. Therefore, we tested the sensitivity to PMA-induced differentiation of Triad1 transduced cells. In clonogenic assays, Triad1 transduced cells were equally sensitive to PMA as control transduced cells, indicating that Triad1 expression does not influence the sensitivity of U937 cells to differentiation by PMA (Figure 4a ). We have shown earlier that Triad1 in U937 cells showed reduced proliferation as compared with untransduced cells in competitive growth experiments. 9 As Triad1 did not affect differentiation, we repeated the competitive growth experiments to investigate how Triad1 affects U937 proliferation. Triad1 and control transduced U937 cells were mixed in a 1:1 ratio with nontransduced cells tested and analyzed for the percentage of transduced cells over a period of 20 days. Although the percentage of EV and GFP transduced cells remained stable, the percentage of Triad1 transduced cells decreased to less than 15%, indicating that these cells have a growth disadvantage compared with non-transduced cells (Figure 4b ). Differentiation, cell cycle status and apoptosis of transduced cells were measured in liquid medium. DNA histograms of the Triad1 transduced cells on day 3 showed a 10% accumulation of cells in G1/G0 phase compared with GFP and EV-transduced cells (Figure 4c) . No effects of Triad1 on differentiation (CD11c) or apoptosis (Annexin V) were found (Supplementary Table 2 ). We conclude that Triad1 expression results in an accumulation of cells in G1/G0 but has no effect on differentiation, which is in line with the observed inhibitory effect of Triad1 on the growth rate of U937 cells.
RING1 is essential for UbcH7 interaction, RING2 for Ubc13
The interaction between E2 conjugating enzymes and E3 ligases is essential for the ubiquitination of substrate proteins. The RING finger domain of E3 ligases is involved in the interaction with E2 conjugating enzymes. 10 In yeast-two-hybrid assays Triad1 specifically interacts with the E2 conjugating enzyme UbcH7 and weakly with Ubc13. The binding between Triad1 and UbcH7 was confirmed using GST-Triad1 captures using leukemia cell line lysates. 9 To study whether Triad1 interacts with Ubc13 in mammalian cells, co-immunoprecipitation experiments were performed. HEK293 cells were transfected with Ubc13-flag and Triad1-GFP or Triad1-GFP alone. Ubc13-flag and interacting proteins were precipitated from the lysate using flag antibodies. Western blot analysis showed that Triad1-GFP only precipitates in the presence of Ubc13-flag (Figure 5a ). To confirm the interaction between Ubc13 and Triad1 by other means, SPR was performed using the minimal functionally active Ubc13 complex, Ubc13-Mms2. Triad1 was covalently bound to a CM5 chip and the Ubc13-Mms2 complex was flowed over the chip at different concentrations. Binding between the Ubc13-Mms2 complex and Triad1 could be clearly seen from the binding profiles at all concentrations. Dissociation rates were quite fast (T 1/2 ¼ 10±1.2 s) (Figure 5b ). The equilibrium responses were fitted using a one-site binding model, resulting in a K D of 0.85 ±0.5 mM. This direct interaction between Ubc13-Mms2 and Triad1 was confirmed using analytical gel filtration (Supplementary Figure 1) . The elution profile shows a peak for the Triad1-Ubc13-Mms2 complex. The complex was not stochiometric, which is consistent with the fast off-rates as seen in the SPR data. It seems likely that it is the Ubc13 component of the E2 that interacts with a Triad1 RING domain, analogous to the E2/E3 interaction observed in the crystal structure of the CHIP-Ubc13-Uev1A complex. 25 In contrast, UbcH7 did not interact with Triad1 in the SPR experiments, nor did it co-elute with Triad1 in the analytical gel filtration. These results indicate that the observed UbcH7-Triad1 interactions as observed in cell line lysates 9 may need other factors or the presence of a substrate.
To test whether both ubiquitin-conjugating enzymes interact with the same domain of Triad1, we tested various Triad1 Figures  1b and c) . The deletion of the complete TRIAD domain abolished the interaction with both UbcH7 and Ubc13, whereas both the coiled coil and DRIL domains were not necessary for E2 interaction. Earlier, we proved that introduction of a point mutation in RING1 abrogated binding to UbcH7. 9 As expected, deletion of RING1 abrogated the interaction with UbcH7, whereas deletion of RING2 did not disturb the UbcH7 interaction. Conversely, yeast-two-hybrid assay showed that the other RING finger (RING2) was essential for Ubc13 interaction. To further study the Triad1 and Ubc interaction, we transfected NIH3T3 cells with plasmids expressing Triad1-GFP and UbcH7 or Ubc13-flag. 26 Similarly to Triad1, we found both UbcH7 and Ubc13 to be expressed in the nucleus and to a weaker extent in the cytoplasm (Supplementary Figure 2) . We conclude that Triad1 binds two different ubiquitin-conjugating enzymes. The N-terminal RING domain interacts with UbcH7. The C-terminal RING domain is essential for the interaction between Triad1 and Ubc13.
Triad1 catalyses both K48 and K63 linked poly-ubiquitination
To test the functionality of the interaction between Triad1 and Ubc13-Mms2 we performed in vitro ubiquitination assays with purified Uba1 (E1), Ubc13-Mms2 (E2), Triad1 (E3) and ubiquitin. As expected, the Ubc13-Mms2 complex is capable of forming ubiquitin chains without the presence of an E3 ubiquitin ligase. 27 Four independent assays showed that Triad1 is enhancing free poly-ubiquitin chain formation above background at 150 mM (Figure 6a , representative assay), indicating that the Ubc13-Mms2-Triad1 complex is a functionally active complex. Remarkably, at higher Triad1 concentrations we observed auto-inhibition of the ubiquitination reactions.
In addition to the direct in vitro interaction with Ubc13-Mms2, Triad1 interacts with both UbcH7 and Ubc13 in cell line lysates. UbcH7 has been implicated in K48 linked polyubiquitination and Ubc13 in K63 linked poly-ubiquitination. Using in vitro ubiquitination assays, we tested whether both types of ubiquitin modifications are catalyzed by Triad1. Increasing amounts of purified His-Triad1 were incubated with rabbit reticulocyte fraction IIA (enriched in E1 and E2 activity and devoid of ubiquitin and proteasome activity 8 ) in the presence of different recombinant ubiquitin mutants. Reaction mixtures were resolved by western blotting and stained with an antibody that recognizes only poly-ubiquitinated proteins (Figure 6b ). When incubated with wild-type ubiquitin, we observed a Triad1 dependent increase in poly-ubiquitinated proteins. Restaining of the same blot with an a-Triad1 antibody indicated that these poly-ubiquitinated proteins are not Triad1. As expected, no Triad1-mediated poly-ubiquitination could be detected using K0 ubiquitin, which is devoid of lysine residues. To test whether Triad1 can catalyze the formation of Ub chains linked through K48 or K63, we used recombinant ubiquitin carrying only one lysine residue at position 48 (K48-Ub) or at position 63 (K63-Ub). Our results show that Triad1 can catalyze the formation of Ub chains linked through both K48 and K63. Remarkably, the patterns of modification differ between wildtype, K48 and K63 ubiquitin.
The RING fingers of Triad1 are essential for clonogenic inhibition whereas other domains are dispensable Triad1 with regard to its growth inhibitory function, we tested various deletion mutants (Figure 1a ) in clonogenic assays. U937 cells were transduced with viruses expressing the deletion mutants, subsequently, MACS sorted and seeded in semi-solid medium. Colonies were counted 5-7 days later ( Figure 7 ). As expected, wild type Triad1 inhibited U937 colony formation by over 50% compared with GFP and EV-transduced cells. The deletion of one or both coiled coil domains had no effect on the Triad1-induced inhibition of clonogenic growth. In addition, the Triad1 mutant lacking the conserved DRIL domain inhibited the clonogenic growth equally well as wild-type Triad1. Deletion of the N-terminal RING finger completely abrogated the growth inhibitory effect of Triad1 in these colony assays. This was not unanticipated because earlier experiments showed that an intact N-terminal RING finger is required for the growth inhibition of Triad1. 9 Deletion of the Ubc13-interacting RING2 domain also completely abolished the observed clonogenic inhibition of Triad1. The latter finding is in line with data from earlier competitive liquid growth studies, in which the RING2 deletion mutant was used. 19 Together, these data show that both RING fingers of Triad1 are important for its function in the control of myeloid cell proliferation whereas other domains are not required. As the C-terminal RING finger is required to inhibit 0   1000nM   E1,E2  E1,E3  E2,E3  E1,E2  E1,E2  E1,E2  E1,E2   Triad1   15nM  150nM  500nM K0-Ub K48-Ub K63-Ub The MACS sorted cells were seeded in semi-solid medium and the number of colonies were analyzed after 7 days. Clearly visible is that deletion of the RING1 or RING2 domains abolishes the Triad1 induced inhibition of clonogenic growth. Deletion of the coiled coils or the DRIL domain had no effect on the clonogenic inhibition of Triad1.
proliferation, interacts with Ubc13 and because Triad1 functions as a dual ubiquitin ligase, (see Figure 6 ) these data strongly suggest that non-canonical ubiquitination is important for the role of Triad1 in myelopoiesis.
Discussion
Proteins can be modified in various ways with poly-ubiquitin chains. The type of chain determines the fate of the marked protein. Proteins that are conjugated with poly-ubiquitin chains linked through lysine 48 of ubiquitin are marked for rapid proteasomal degradation. In contrast, poly-ubiquitin chains linked through lysine 63 of ubiquitin do not mark proteins for degradation. Instead, they are often used to recruit other proteins to activate biological processes like for instance, signal transduction pathways. 2 Hematopoiesis is controlled by both lysine 48-and lysine 63-linked poly-ubiquitination. Alterations in both forms of ubiquitination disturb hematopoiesis and have been implicated in malignant transformation. Triad1 is an E3 ubiquitin ligase that controls the proliferation of myeloid cells.
9
Triad1 is the first identified member of an unique set of ubiquitin ligases that contain two RING finger domains. 28, 29 RING domains are known to mediate E2 ubiquitin-conjugating enzyme interactions. We show here that the N-terminal RING finger (RING1) of Triad1 binds UbcH7 and that the C-terminal RING finger (RING2) binds Ubc13 (Figures 1b and c) . In conjunction with E3 ligases, UbcH7 is known to catalyze the formation of lysine 48-linked poly-ubiquitin chains and Ubc13 can catalyze non-canonical lysine 63 poly-ubiquitin chains. In line with the interactions, Triad1 was found to catalyze the formation of both types of poly-ubiquitin chains in in vitro ubiquitination experiments (Figure 6b) . Our finding that different ubiquitin mutants result in distinct patterns of poly-ubiquitination, may suggest that Triad1 marks different substrates with different ubiquitin chains. The N-terminal RING finger domain in TRIAD proteins shows structural similarity with the classical RING domain as found in other, single RING ubiquitin ligases. 30 For many TRIAD proteins RING1 has been shown to interact with UbcH7. 9, [31] [32] [33] The C-terminal RING finger (RING2) that binds Ubc13 has a different topology as compared with the classical RING finger. 30, 34 RING2 is exclusively found in TRIAD proteins and the different topologies of the two RINGs may explain the differential binding to the E2 conjugating enzymes. Earlier, we showed that the growth inhibitory function of Triad1 could be partially restored by proteasome inhibition. This suggests that Triad1 functions in part by marking proteins for proteasomal degradation. The functional interaction with Ubc13 ( Figures 5 and 6a) suggests that Triad1 may also mark proteins with ubiquitin in a non-proteolytic manner. Recent studies showed that the C-terminal RING domain of the TRIAD protein, Parkin also binds Ubc13. 24 In addition, Parkin can mark cellular proteins with lysine 63-linked ubiquitin chains that trigger their intracellular transport, but not proteasomal degradation. 24, 35, 36 Although lysine 63-linked ubiquitination of cellular proteins catalyzed by Triad1 needs to be identified, the Ubc13-interacting domain is crucial for the growth inhibitory function of Triad1. This is an interesting observation, as Ubc13 is known to play very important roles in immune receptor signaling and inflammatory responses. The function of Ubc13 in these processes mainly occurs in the cytoplasm. Yet, Ubc13 plays also important roles in nuclear processes including DNA repair. In hematopoietic cells, Triad1 is a predominantly nuclear protein (Figure 2b) . 9 We show here that UbcH7 and Ubc13 colocalize with Triad1 in the nucleus (Supplementary Figure 2) . Thus, Triad1 may mark nuclear proteins with ubiquitin to control blood cell proliferation. Unlike the RING fingers, other conserved domains in Triad1 like the DRIL and the coiled coil domains were not necessary to inhibit proliferation. This was somewhat unanticipated because we expected the coiled coils to be involved in recruiting substrates to be ubiquitinated by the RING domains of Triad1. Apparently, the coiled coil domains are dispensable for the function of Triad1 in myeloid cells. These data underscore the importance of the RING domains and suggest that the RINGs may recruit substrates themselves in addition to binding ubiquitin-conjugating enzymes. Together with studies on Parkin, 24, 35, 37, 38 our data suggest that members of the TRIAD family of ubiquitin E3 ligases may have the ability to catalyze multiple types of ubiquitin chains by interacting with different E2 conjugating enzymes. The fact that the TRIAD domain is heavily conserved and that RING2 is only found together with the other RING domain suggests that these modules act together and are required for an integrated function. Future studies should clarify whether the different ligase functions of Triad1 are used to differentially ubiquitinate substrates with different types of ubiquitin chains, whether one and the same substrate is modified with different types of ubiquitin chains, or whether they are used to mediate the conjugation of mixed ubiquitin chains. 16, 17, 39 
